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Abstract 
Four estuaries in southwest Florida with different land use characteristics in their watersheds 
were chosen to investigate the effects of anthropogenic land use on estuarine health.  
Estuaries were sampled for salinity, dissolved oxygen (DO), concentration of dissolved 
inorganic carbon (DIC), stable carbon isotope ratios of DIC (δ13CDIC), stable carbon isotope 
ratios of particulate organic carbon (δ13CPOC), concentration of particulate organic carbon 
(POC), nitrogen isotope ratios of particulate organic nitrogen (δ15NPON), C/N ratios, and 
chlorophyll-α concentrations (Chl-α).  δ13CDIC values ranged from −14.09 to +0.85‰.  The 
more negative values occurred upstream, and resulted from DIC inputs derived from the 
degradation of organic carbon and the dissolution of carbonates.  The more positive values 
occurred downstream, and were typical of marine values.  DIC concentrations ranged from 
1461 to 8066 μmol/L.  Higher concentrations occurred upstream and support the 
interpretation that high respiration rates were occurring in the upstream sampling points.  A 
comparison of DIC values to a conservative mixing model indicates that the input of 
terrestrial organic matter and its degradation created a net heterotrophic metabolic state in all 
four estuaries.  Supporting this interpretation, δ13CPOC values (−36.53 to −20.11‰) suggest 
that terrestrial plants were the main source of POC in the upstream sampling points, while 
aquatic plants were the main contributor of POC in the downstream sampling points.  
δ15NPON values range from +1.52 to +5.60‰, which is consistent with natural sources of 
nutrients.  C/N ratios ranged from 7.2 to 13.4, and are consistent with both terrestrial and 
aquatic sources.  Chl-α concentrations were variable and were typically below 20 μg/L, 
indicating moderate to low levels of autotrophy in all estuaries.  Elevated Chl-α 
xi 
concentrations indicative of increased primary productivity occurred at intermediate salinities 
(mid-estuary).  It is possible the mixing front at mid-estuary locations influenced Chl-α 
concentrations.  Results from this study show no apparent difference between the estuaries, 
including the control site, thus indicating that anthropogenic activities had little effect on the 
parameters measured. 
 
Introduction 
Estuarine Characteristics and Threats 
Estuaries are unique and ubiquitous environments where rivers meet the ocean.  One 
characteristic of estuaries is the mixing of salt water with freshwater, which creates a salinity 
gradient.  As freshwater flows into marine waters, it introduces terrestrial sources of nutrients 
into the marine environment, which typically results in higher productivity.  Although 
accounting for only 1-2% of the total ocean area, approximately 20% of the primary 
production in oceans occurs in coastal areas (Charpy-Robaud & Sournia, 1990) and 
approximately 50% of marine fish production occurs in these areas (Ryther, 1969). 
 This high productivity is important for both economic and ecological reasons.  
Estuaries are vital to the fishing industry, as they provide habitat for approximately 75% of 
the commercial fisheries and 80 to 90% of the recreational fish catch in the United States.  
Overall, fisheries that depend on estuaries in the lower 48 states are worth an estimated $1.9 
billion (US EPA, 2006).  Unfortunately, these valuable and unique environments are highly 
impacted by humans altering the physical and chemical characteristics of estuaries through 
stream alteration, dredging, habitat destruction, and pollution (Benson, 1981; Kennish, 2002).  
 The threat that anthropogenic activity poses to estuaries has led to conservation 
efforts across the world to protect these important habitats.  The National Estuarine Research 
Reserve System is one example of these efforts.  This agency is a cooperative program 
between the coastal states and the National Oceanic and Atmospheric Administration to 
preserve 26 areas across the United States.  Their goal is to conduct research and educate the 
public about these estuaries and the various threats that face them (Shirley & Brandt-
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Williams, 2003).  One of the areas protected by this program is Rookery Bay and the Ten 
Thousand Islands area located in Collier County, Florida. 
 The Rookery Bay National Estuarine Research Reserve (RBNERR) consists of 
110,000 acres of sub-tropical mangrove forests and estuaries located south of Naples, 
Florida, in the southwest portion of the county (Fig. 1).  These mangrove forests include 
three mangrove species: white (Laguncularia racemosa), black (Avicennia germinans), and 
red mangroves (Rhizophora mangle).  Water-to-land changes and physio-chemical and 
ecological conditions result in the development of zones within a mangrove forest that are 
dominated by a particular species (Rey & Rutledge, 2002).  In RBNERR and other areas in 
Florida, the mangrove zonation is related to topography, with the white mangroves 
dominating high points in wetlands, black mangroves dominating low points in wetlands, and 
red mangroves dominating the estuarine environments. 
These estuaries are important economically to Naples and the surrounding area.  They 
attract tourism and provide recreational activities such as fishing and boating.  Beyond the 
economic importance, the estuaries and local climate make the area a desirable place to live, 
which results in high property values in the Naples area.  Overall, it has been estimated that 
the acreages within Rookery Bay reserve and aquatic preserves are worth $400 million 
annually (Shirley & Brandt-Williams, 2003).  Naples is located in Collier County, which is 
one of the fastest growing areas in the United States.  From 1980 to 1998 the population of 
Collier County grew from 85,971 to 210,100, an increase of 144%.  It is estimated that the 
population will reach 289,000 by 2010 and 358,000 by 2020.  In addition, it is estimated that 
750,000 winter residents and tourists visit the area every year (Shirley & Brandt-Williams, 
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2003).  This increase in population growth is a potential environmental risk to the estuaries in 
RBNERR. 
 
 
Figure 1. Map of Rookery Bay NERR (Shirley & Brandt-Williams, 2003). 
 
Effect of Population Growth on Land Use and Nutrient Loading in 
Estuaries 
 Population growth is seen as one of the largest threats to coastal ecosystems around 
the world.  By 2025, the growing coastal populations are estimated to reach 6 billion people 
worldwide, which is thought to be the greatest threat to estuaries in terms of habitat loss and 
alteration (Kennish, 2002).  As humans attempt to utilize more of the Earth’s natural 
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resources and expand urban areas to sustain an ever-growing global population, land use 
change will be one of the largest environmental problems we face in the future.   
Humans have already had a dramatic global impact through land use change.  
Approximately 10-15% of world land cover is classified as row crop agricultural or urban-
industrial land use, and another 6-8% is classified as rangeland (Vitousek et al., 1997).  
Furthermore, it is estimated that 39-50% of the Earth’s land has been “transformed or 
degraded” by human activities (Vitousek et al., 1997), which is a large portion of the land 
surface and indicates the global extent of the problem.  
Land use change contributes to a number of environmental problems, ranging from 
habitat destruction to changes in atmospheric composition (Foley et al., 2005).  Similarly, 
land use can have dramatic impacts on the hydrology and hydrologic cycle of surface water, 
including estuaries and other coastal environments (Rogers, 1994; Hopkinson & Vallino, 
1995; Sklar & Browder, 1998; Holland et al., 2004).  However, land use may have its most 
dramatic impact on coastal ecosystems through pollution.  There are many forms of pollution 
that affect coastal and marine environments.  Heavy metals, pesticides, herbicides, litter, and 
nutrients are all forms of pollution associated with anthropogenic activity (Kennish, 1997).  
Perhaps the greatest threat to estuaries is nutrient pollution.  The United Nations has 
predicted that nutrient discharges from population increases worldwide will create a global 
problem in 20 to 30 years (Pelley, 1998).  This increase in nutrient delivery to coastal waters 
is directly linked to land use (Valiela et al., 1992; Vitousek et al., 1997).   
Most forms of land use affecting nutrient delivery fall into two major categories: 
urban and agricultural.  Agricultural land use is one of the primary contributors to nutrient 
pollution.  As populations increase globally, food production must also increase, resulting in 
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the expansion of agricultural land use.  In the year 2000, the total area of cropland on the 
planet was estimated at 1.54x109 ha, and was predicted to expand to 1.89x109 ha by 2050 
(Tilman et al., 2001).  As agricultural area increases, so too will the amount of fertilizer used 
worldwide.  It is estimated that the total mass of nitrogen and phosphorous from fertilizer 
application in 2000 was 87x106 and 34.3x106 MT respectively, and is predicted to increase to 
236 x106 and 83.7x106 MT, respectively, by 2050 (Tilman et al., 2001). 
Urban land use is another potential source of nutrient pollution.  Even though urban 
land use accounts for only 1% of land surface, approximately 43% of the global population 
lives in urban centers (Douglas, 1994). These high population urban environments can lead 
to water quality issues in surface water environments (Walsh et al., 2005).  Much of the 
pollution in urban environments originates from wastewater effluent, septic system leachate, 
urban runoff from sewered and un-sewered areas, and runoff from construction sites 
(Carpenter et al., 1998).  In addition, urban land use development often results in a less 
permeable ground cover that increases the amount of runoff and nutrient discharge into 
streams (Hopkinson & Vallino, 1995; Holland et al., 2004).   
Mangrove estuaries, like those found in Rookery Bay, have also been affected by 
urban and agricultural land use in their watersheds.  Alongi (2002) found that eutrophication, 
habitat alteration/destruction, and water cycle changes are unsustainable human impacts on 
mangrove forests around the world.  These impacts that are associated with land use change 
have also taken place in Florida mangrove estuaries.  For instance, the Caloosahatchee River 
and estuary in Ft. Myers, FL has both agricultural and urban land use development in its 
estuary (Knight et al., 2005).  This land use development has led to altered hydrology and 
salinity, and elevated nutrient levels (Knight et al., 2005).  Other estuaries in Florida also 
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affected by anthropogenic land use include the Indian River Lagoon, Florida Bay, Biscayne 
Bay, Charlotte Harbor, and Tampa Bay (Bricker et al., 1999; Fourqurean & Robblee, 1999; 
Browder et al., 2005; Rudnick et al., 2005; Sime, 2005). 
 
Ecological Impacts of Eutrophication 
While high nutrient levels do occur naturally, anthropogenic sources of nutrients can 
have a negative effect on estuarine systems by increasing productivity beyond their natural 
state.  Because the concentration of certain nutrients is the limiting factor of primary 
production in estuaries, increases in nutrient delivery that are associated with anthropogenic 
activity then results in eutrophication (Vitousek et al., 1997; Pelley, 1998; Smith et al., 1999; 
Kennish, 2002).  The increased primary productivity from eutrophication can result in an 
overall increase in cloudiness or turbidity in an estuary (US Congress, 1987), which reduces 
the depth to which sunlight can penetrate the water column.  Eutrophication can also lead to 
increased respiration, resulting in hypoxic or anoxic conditions (Kennish, 1997).  
Overall, these changes lead to fundamental shifts in estuarine ecology.  For example, 
the reduction in sunlight penetration leads to a decline in sea grass beds (Borum, 1985), 
which are very important to the benthic community.  Reduction in oxygen levels can lead to 
lower species diversity (Dauer et al., 1992, Howell & Simpson, 1994).  Increases in nutrients 
are thought to increase the frequency of red tide blooms, which are responsible for massive 
fish kills (Kennish, 1997; Hodgkiss & Ho, 1997).  Ultimately, these effects can lead to 
fundamental shifts in an estuary’s ecology.  However, linking land use to these effects can be 
difficult.  One approach that can be employed to evaluate the role of anthropogenic activities 
on estuarine primary productivity is analysis of nitrogen and stable carbon isotopes, which 
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allows tracking of the source and fate of both nutrients along an estuary (e.g., Coffin & 
Cifuentes, 1999; Cole et al., 2005). 
 
Introduction to Stable Isotopes  
 Isotopes are atoms of the same element that have different numbers of neutrons.  
Radioactive isotopes are those that undergo radioactive decay, while stable isotopes do not.  
Stable isotopes have different masses, which result in slightly different physical and chemical 
properties.  During various physical, chemical and biological processes, this mass difference 
leads to changes in the ratios of stable isotopes in different compounds, which is known as a 
fractionation.  Consequently, the measurement of stable isotope ratios then permits tracing 
the different chemical and physical reactions that may have caused isotopic fractionations in 
these compounds.  
 Stable isotopes are reported in the standard delta (δ) notation, representing the permil 
(‰) of the heavy-to-lighter isotope ratio in the sample relative to the ratio of a known 
standard: 
 
δ(‰) = (Rsample / Rstandard – 1) * 1000 
 
where R represents the ratio of the heavy to light isotope (e.g. 13C/12C).  A positive δ value 
indicates the isotope ratio of the compound is enriched in the heavier isotope relative to the 
standard, whereas a negative value indicates the isotope ratio is depleted in the heavier 
isotope relative to the standard.   
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For the purpose of this research, the stable isotopes of carbon (δ13C) and nitrogen 
(δ15N) are used.  Values of δ15N of particulate organic nitrogen (δ15NPON) were used to trace 
the source of nitrogen in the estuaries on the basis that nutrients originating from 
anthropogenic activity have a different isotopic composition than those from natural sources.  
Similarly, δ13C values of particulate organic carbon (δ13CPOC) were used to determine the 
source of POM in the estuaries as different sources of POM have unique values of δ13C.  
Finally, the δ13C of dissolved inorganic carbon (δ13CDIC) was used to trace the source of 
dissolved inorganic carbon (DIC) and the balance between autotrophic and heterotrophic 
activity.  
 
Tracing Nutrients using δ15N Values of Particulate Organic Nitrogen 
Because nitrogen is the limiting nutrient for primary productivity in most coastal and 
estuarine systems, an increase in its abundance promotes primary production in coastal 
environments (Ryther & Dunstan, 1971; Downing, 1997).  However, some studies show that 
other nutrients (e.g., phosphorous) can be limiting in these environments as well (Smith, 
1984; Howarth, 1988).  It is estimated that humans have doubled the rate of input into the 
terrestrial nitrogen cycle, greatly increasing the transfer of nitrogen to rivers and estuaries, 
and causing changes in estuarine and near-shore ecosystems (Vitousek et al., 1997).   
To determine if anthropogenic activity is adding nitrogen to estuaries, the source of 
nitrogen must be traced.  Nitrogen isotope ratios (δ15N) have been used for this purpose in 
numerous studies (Rau et al., 1981; Kreitler & Browning, 1983; Heaton, 1986; Chang et. al., 
2002) because of the difference in δ15N values that exists between various anthropogenic and 
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natural sources of nitrogen.  Fertilizers that use a synthetic source of nitrogen typically show 
values ranging from −4 to +4‰, reflecting the atmospheric nitrogen used in the 
manufacturing process.  Organic fertilizers show a much wider range (+2 to +30‰) 
depending on their source (Kendall, 1998), and δ15N values from animal waste generally 
range from +10 to +22‰ (Krietler, 1979) due to various biological and non-biological 
processes, such as urea production and volatilization of NH4+, that depletes the source of 14N 
(Kendall, 1998). 
 δ15NPON values from natural sources overlap somewhat with those of anthropogenic 
sources.  The majority of plants have δ15N values that range from −5 to +2‰ (Fry, 1991), 
depending on the environmental factors and the forms of nitrogen they utilize.  Total soil 
nitrogen typically has higher δ15N values, ranging from +2 to +5‰ (Kendall, 1998).  Because 
δ15NPON values of natural and anthropogenic sources overlap, it is important to evaluate the 
values of the local natural sources of nitrogen.  Nitrogen in estuarine settings exists in both 
organic and inorganic forms.  The inorganic forms include primarily NO3-, NO2-, and NH4+.  
While measurement of δ15N values from inorganic nitrogen can be used to trace sources 
(e.g., Krietler & Browning, 1983; Chang et al., 2002), these values carry over into the food 
web of aquatic environments (Harrington et al., 1998).  This allows the source of nitrogen to 
be determined using δ15N values of organic material from primary producers and other 
organisms higher in the trophic structure.  This approach is particularly beneficial when the 
concentration of inorganic nitrogen is low, making measurements of δ15N of inorganic 
nitrogen difficult or impossible.   
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Despite the potential utility of δ15N values as tracers, there are several processes in 
the nitrogen cycle that can complicate the nitrogen isotope signal.  Denitrification and 
volatilization can both lead to increases in δ15N values (Cline & Kaplan, 1975; Kreitler & 
Browning, 1983; Aravena et al., 1993; Macko & Ostrom, 1994).  Re-mineralization of 
organic nitrogen can also lead to an increase in δ15N values (Cline and Kaplan, 1975; 
Checkley and Miller, 1989).  Similarly, a biologically mediated kinetic effect occurs during 
nitrogen assimilation (Hoering and Ford, 1960). This fractionation ranges from −27‰ to 0‰ 
but is normally less than a −4‰ (Fogel and Cifuentes, 1993), and it is typically insignificant 
during high growth rates and in lower concentrations of inorganic nitrogen (Kendall, 1998).  
In addition to these processes, another source of uncertainty in the analyses of δ15N values 
comes from the potential seasonal variability of nutrient sources and concentrations (Peterson 
et al., 1985; D’Elia et al., 1986). 
  Despite the problems associated with using δ15N values as tracers of nutrient sources 
in estuaries, many studies have successfully used these methods.  Cohen & Fong (2005) 
found that the δ15N values of macroalgae were effective at tracing NO3- and NH4+ with 
varying δ15N values in a controlled environment.  Cole et al. (2005) examined δ15N values of 
primary producers and particulate organic matter (POM) in six estuaries and four ponds, and 
found a positive correlation between increasing δ15N values and increasing wastewater 
inputs.  Similarly, δ15N values of primary producers have been used to trace nitrogen derived 
from agricultural and urban land use in a number of studies (McClelland & Valiela, 1998; 
Harrington et al., 1998; Savage & Elmgren, 2004; Barile, 2004; Ulseth & Hershey, 2005). 
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Tracing Carbon using δ13C of Particulate Organic Carbon 
 Values of δ13CPOC have been used extensively in estuarine research to determine the 
source of organic carbon (Hedges et al., 1986; Hellings et al., 1999; Otero et al., 2000; 
Martineau et al., 2004).  In mangrove estuaries, there are two primary sources: autochthonous 
(i.e., aquatic) and allochthonous (i.e., terrestrial) (Cifuentes et al., 1996).  Determining the 
relative amounts of POM from these two sources is important, as increased primary 
production is one of the indicators of eutrophication. 
 Two categories of plants, C3 and C4, have different carbon isotope values because of 
the different photosynthetic pathways they use.  The majority of terrestrial plants are 
characterized photosynthetically as C3 plants (Ehleringer et al., 1997), which have δ13C 
values ranging from −23 to −32‰ (Smith & Brown, 1973).  In contrast, C4 plants have δ13C 
values ranging from −9 to −16‰ (Smith & Brown, 1973).  Marine phytoplankton values 
range from −8 to −27‰ (Thayer et al., 1978; Haines & Montague, 1979).  Because marine 
δ13CPOC values overlap with those of terrestrial organic matter, the carbon to nitrogen ratios 
(C/N) can be used to discern between these sources.  The C/N values of terrestrial plant 
matter are typically greater than 15 (Hedges & Mann, 1979; Twilley et al., 1986; Benner et 
al., 1990) because of numerous compounds enriched in carbon (i.e., lignin and cellulose).  In 
contrast, aquatic plants typically have values that are less than 10 (Holligan et al., 1984). 
Although δ13C values and C/N ratios can indicate the source of carbon in an estuary 
(i.e., allochtonous vs. authoctonous), microbial degradation can shift both δ13C and C/N 
values of allocthonous material.   The change in δ13C values of organic matter is relatively 
small, resulting in a maximum difference of +3‰ from the original plant material (e.g., 
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Spiker & Hatcher, 1984; Wedin et al., 1995; Fogel & Tuross, 1999).  In contrast, the impact 
on C/N is greater for plant tissues, which shift from C/N ratios >50 in intact tissues (Hedges 
and Mann, 1979) to values ranging from 15 to 40 for degraded plant matter (Twilley et al., 
1986; Benner et al., 1990). 
 Some studies have indicated potential variability of δ13CPOC values with seasonal and 
tidal regime.  For instance, Hellings et al. (1999) found that summer δ13CPOC values were 
consistent with an autochthonous source in the Scheldt Estuary, while winter δ13CPOC values 
were consistent with an allocthonous source.  Besides this seasonal effect, Rezende et al. 
(1990) found a tidal effect in which δ13CPOC values correlated with tidal amplitude in a 
mangrove estuary of Sepetiba Bay in Brazil.  δ13CPOC values indicated that the majority of 
POM originated from allochthanous sources during low tide, while at high tide δ13CPOC 
values indicated autochthanous sources of POC.  δ13CPOC and C/N values have also been 
effective at tracing the source of carbon in mangrove estuaries.  Thimdee et al. (2003) used 
δ13CPOC values to determine the effect of shrimp pond effluent in Khung Kraben Bay, 
Thailand, and found that the majority of POM originated from the surrounding mangrove 
forests.  Cifuentes et al. (1996) effectively used δ13CPOC and C/N ratios to determine the 
relative contribution of allocthonous and autochthonous sources in the Guayas River Estuary 
in Ecuador, and found the mangroves were the primary source of organic matter in the 
estuary. 
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Assessing Estuarine Metabolism using δ13C of Dissolved Inorganic 
Carbon 
 Anthropogenically driven eutrophication can lead to shifts in carbon cycling by 
increasing autotrophic activity, upsetting the balance between heterotrophic and autotrophic 
production, i.e., its metabolic state (Kemp et al., 1997).  The stable carbon isotope ratios of 
δ13CDIC and the DIC concentrations can be used as an indicator of the metabolic state of an 
estuary (Coffin & Cifuentes, 1999; Hellings et al., 2001) because autotrophic and 
heterotrophic activity can affect these values. 
DIC refers to all forms of inorganic carbon dissolved in water at a given temperature, 
pressure, and pH.  HCO3-, CO32-, and CO2 are the primary inorganic carbon species found in 
surface water systems.  There are three primary sources of DIC: dissolved atmospheric CO2, 
re-mineralization of organic carbon, and dissolved carbonate minerals (Eby, 2004).  In 
estuarine environments there are two distinct end-member sources of DIC, the upstream and 
downstream end-members.  δ13CDIC in the downstream end-members results from the 
isotopic exchange of atmospheric CO2 with the marine bicarbonate system (Sackett et al., 
1997).  DIC in the upstream end-member primarily originates from the re-mineralization of 
organic matter and the dissolution of carbonate minerals, which results in 13C-depleted DIC 
compared to the downstream end-member (Mook & Tan, 1991). 
In an estuary where heterotrophic and autotrophic activity is balanced, δ13CDIC 
follows a conservative mixing pattern between the two end-members.  A simple mixing 
model can describe estuarine δ13CDIC values (Mook & Tan, 1991): 
 
13
(CTf δ13Cf -CTmδ13Cm)Cl + CTmδ13CmClf -CTfδ13CfClm δ13C = 
(CTf -CTm)Cl + CTmClf -CTfClm 
 
where m and f represent the downstream and upstream end-members, respectively, Cl 
represents the salinity of the sample, CT represents concentration of DIC in the two end-
members, and δ13C is the stable carbon isotope ratio of DIC in the two end-members.  This 
equation estimates the δ13CDIC at any given salinity in an estuary, assuming conservative 
mixing.   
  Net autotrophy or net heterotrophy can lead to a non-conservative mixing of δ13CDIC 
in an estuary.  In the case of net autotrophy, δ13CDIC values will become enriched in 13C as 
primary producers preferentially use 12C during photosynthesis.  During net heterotrophy, 
12C-enriched carbon from organic matter is liberated into the DIC pool through respiration 
(Coffin & Cifuentes, 1999; Chantone & Lewis, 1999).   
This method has been employed effectively in several different studies.  For example, 
Chanton & Lewis (1999) found that the δ13CDIC values in Apalachicola Bay, Florida, 
followed a conservative mixing model, indicating a balance between heterotrophic and 
autotrophic activity.  In contrast, Coffin & Cifuentes (1999) found that δ13CDIC values did not 
follow a conservative mixing pattern in the Perdido Estuary, Florida, where there were 
periods of net heterotrophic and autotrophic activity.   
Shifts in carbon cycling can also be associated with seasonal changes.  Raymond & 
Bauer (2000) found in the York River Estuary, Virginia, that DIC and pCO2 concentrations 
were highest in late summer and early fall, when conditions favored heterotrophy, and lowest 
14
in late winter and early spring when conditions favored autotrophy.  Ram et al. (2003) 
reported that the Mandovi and Zuari Estuaries in India underwent a transition from net 
autotrophy during the non-monsoon season to net heterotrophy during the monsoon season.  
 
Hypothesis 
Studies have shown that increased nutrient inputs from anthropogenic land use can 
negatively affect the overall health of an estuary, resulting in increased primary productivity, 
which will cause a shift in the metabolic state.  To test this hypothesis, four estuaries with 
different land use characteristics in their watersheds were chosen.  Three of these estuaries 
are experiencing different levels/types of anthropogenic land use, and one is under “pristine” 
conditions (i.e., the control site).  Three approaches were used in each estuary to evaluate the 
effect of land use change: (1) determination of estuarine metabolic state; (2) assessment of 
the source of nitrogen; and (3) evaluation of estuarine productivity.  To determine the 
metabolic state, DIC concentrations and δ13CDIC values were used to assess the relative 
importance of autotrophic and heterotrophic activity.  δ13CPOC, C/N ratios, POC, and Chl-α 
were used to trace the source of organic matter in the estuary and evaluate the overall 
primary productivity.  δ15NPON was used to determine if anthropogenic sources of nutrients 
are being utilized.  These variables were compared among the four estuaries to determine if 
increased nutrient inputs from anthropogenic activity are impacting these estuaries. 
 Because many of these variables can have different values in the upstream and 
downstream end-members, samples were taken across the entire salinity gradient of the four 
estuaries.  This methodology allowed an evaluation of how the mixing of the two end-
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members affects these variables.  Seasonality can also have an effect on the values measured 
in this study.  Therefore, samples were taken during wet and dry seasons to evaluate the 
effects of seasonality on the measured variables. 
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Methodology 
Site Description 
 RBNERR is located in Collier County, Florida, which is approximately 5245 km2.  
The local climate is subtropical with an average temperature of 24°C, and an average rainfall 
of 127 to 140 cm per year.  The climate in this area has distinct wet and dry seasons.  The 
wet season typically occurs from June through September, and has an average rainfall of 20 
to 23 cm per month.  The dry season typically occurs from November through March and has 
an average rainfall of 2 to 5 cm per month.  Approximately 66% of the total annual rainfall is 
between the months of June and October.  
Estuaries in RBNERR and the Ten Thousand Islands Aquatic Preserve are shallow, 
well mixed, and tidally dominated.  Four estuaries were chosen within RBNERR and the Ten 
Thousand Islands Aquatic Preserve that have different land use characteristics in their 
watersheds.  Three have undergone anthropogenic changes in their watershed and one is 
“pristine”, which serves as the control site (Fig. 2 and 3; Table 1).  The following is a 
description of the four estuaries: 
  
Fakahatchee – This estuary serves as the control in this study.  Unlike the other three 
estuaries, its watershed has not been significantly altered by anthropogenic activity, nor has 
the hydrology in its watershed been greatly altered by channelization.  This estuary is fed by 
a shallow, slow moving stream known as a slough.  Its watershed contains the Fakahatchee 
Strand State Preserve Park, a 259 km2 state preserve.   
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Figure 2. Map displaying the four estuaries and sample sites from July 2003 through June 2004.  
 
Figure 3. Map displaying land use characteristics of the estuaries’ watersheds.  Land use classification is 
from data collected in 2000. 
18
 Estuary Watershed Watershed Area (km)
Urban 
Area 
(km) 
Agricultural 
Area (km) 
Urban  
Area 
(%) 
Agricultural
Area (%) 
Fakahatchee Fakahatchee 287.2 1.7 2.9 0.6 1.0 
Faka-Union Picayune Strand 239.1 2.2 0.5 0.9 0.2 
Blackwater Collier-Seminole 93.7 3.5 31.7 3.7 33.9 
Henderson 
Creek Belle Meade 88.3 7.2 1.8 8.1 2.1 
Henderson 
Creek District VI 76.4 44.7 1.8 58.5 2.3 
Table 1.  Area and percentage of land use for each estuary’s watershed(s). 
 
Faka-Union – This estuary’s watershed has little anthropogenic land use development, but 
has an extensive canal system, which leads to increased freshwater flow.  The canal system 
was built in the 1960’s and 1970’s with the intentions of developing the area.  While the 
watershed was never heavily developed, the canal system remains in Faka-Union’s 
watershed. 
 
Blackwater – The anthropogenic land use in this estuary’s watershed is primarily 
agriculture.  Agriculture in the area consists of vegetable farms, citrus groves, and row crops.  
Blackwater is fed by a blind source, with a boat ramp located at its most upstream point 
which is located in Collier-Seminole State Park.  
 
Henderson - Two watersheds drain into Henderson Creek and Rookery Bay.  Belle Meade is 
the southernmost watershed that drains into Henderson Creek.  The land in Belle Meade is 
primarily under natural conditions.  However, there is a development close to the mouth of 
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the river, which uses septic systems that could be a source of nutrients.  District VI, which 
drains into the northern portion of Rookery Bay, is the most developed watershed in this 
study.  The majority of developed land in this watershed is classified as urban.   
 
Sampling Protocol 
 Five sampling points were spaced to cover the entire salinity gradient in each estuary.  
To account for tidal differences, samples were taken during high tide in July 2003, October 
2003, January 2004, March 2004, June 2004, December 2004, and July 2005.  The same 
sampling locations were used July 2003 through June 2004 (Fig. 4).  Because preliminary 
results showed a relatively narrow salinity gradient, particularly during the dry season, 
sampling localities were adjusted in a few areas during December 2004 and July 2005 to 
obtain a better representation of the salinity gradient. 
  Estuarine water samples were collected at a depth of 0.5 to 2.0 m beneath the water 
surface using a horizontal point sampler.  One liter of water was collected in an amber 
Nalgene bottle for determination of Chl-α concentration, POC concentration, δ13CPOC, and 
C/N ratios.  For δ13CDIC analysis, 30 ml of water were passed through a 0.45 μm syringe 
filter.  The filtered water was collected in a 30 ml serum vial, poisoned with benzalkonium 
chloride.  All samples were refrigerated until analyzed.  Salinity and DO concentrations were 
taken at each sampling point using a hand held YSI 85 sonde.  POM was collected by 
filtering water samples onto 0.45 μm pre-combusted glass fiber filters.  A three-vacuum 
manifold was used to filter three aliquots of 300 ml from each one liter  
20
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 sample.  After filtering, the collected POM samples were placed into black film canisters and 
frozen until analysis.  The filters were switched from glass to quartz fiber filters for POM 
samples taken in December 2004 and July 2005 due to complications with the glass fiber 
filter during PON and δ15NPON analysis.   
 
POM and DIC Analyses 
 The frozen filters used for POM collection were freeze dried to remove moisture from 
the filters.  To reduce the amount of filter material in the sample, the POM was scraped from 
the surface of the filter and placed into centrifuge vials.  The sample was treated with 1N HCl 
for 24 hours to remove any carbonates from the sample.  The HCl solution was decanted 
from the samples after they were centrifuged.  After decanting, the samples were rinsed with 
double distilled water and centrifuged again.  Each sample was rinsed a total of six times to 
remove any remaining HCl solution in the sample.  After rinsing, the samples were freeze 
dried and placed into Costech tin capsules.  δ13CPOC, δ15NPON, POC and PON concentrations 
were determined using a Costech elemental analyzer coupled to a ThermoFinnigan Delta 
Plus XL mass spectrometer.  Analytical uncertainty was evaluated using internal lab 
standards that are relative to VPDB for δ13CPOC and atmospheric N2 for δ15NPON.  Analytical 
uncertainty for δ13CPOC and δ15NPON was better than 0.1‰, whereas that for POC and PON 
was on average 7% and 22% respectively.  Chl-α analysis was performed at the Iowa State 
University Limnology Laboratory.  Glass fiber filters were ground and Chl-α was extracted 
using acetone or sonification.  Chl-α concentrations were then measured by a fluorometer.  
For DIC analyses, 650 μL of water were extracted from the serum vials and injected through 
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a septum into evacuated 10 mL Labco Exetainer vials treated with 100 μL of 100% H3PO4.  
The samples were in the vials for 4 hours before analysis to convert all of the DIC in the 
sample to CO2(g).  δ13CDIC and DIC concentrations were determined using a GasBench II with 
a CombiPal autosampler coupled to a ThermoFinnigan Delta Plus XL mass spectrometer.  
Analytical uncertainty for δ13CDIC and DIC concentrations was measured using internal lab 
standards that are relative to VPDB.  Analytical uncertainty for δ13CDIC was better than 0.1‰ 
and averaged 12% for DIC concentrations. 
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Results 
Henderson Creek 
 Salinity values in Henderson Creek ranged from 0.1 to 35.2 psu (practical salinity 
units) (Fig. 5), with the lowest values occurring upstream and the highest values occurring 
downstream.  There was a seasonal difference in salinity values, with lower values occurring 
during the wet season relative to the dry season.  Dissolved oxygen ranged from 0.44 to 8.21 
mg/L (Fig. 6).  With the exception of the low dissolved oxygen values observed at low 
salinities during the dry season, there appears to be no consistent temporal or spatial trends.  
DIC concentrations ranged from 1461 to 7447 μmols/kg (Fig. 7), with higher variability in 
concentration occurring at lower salinities.  δ13CDIC values ranged from −12.90 to +0.85‰ 
(Fig. 8), with lower values occurring at lower salinities relative to values at higher salinities.  
POC concentrations ranged from 61 to 2655 μg/L (Fig. 9) with no consistent spatial or 
temporal trends.  δ13CPOC ranged from −32.53 to −20.11‰ (Fig. 10), with lower values 
occurring at lower salinities relative to values at higher salinities.  Chl-α values ranged from 
1.0 to 30.4 μg/L (Fig. 11), with the higher values occurring at salinities greater than 10 psu.  
C/N ratios ranged from 7.2 to 11.9 (Fig. 12), and δ15NPON values ranged from +2.53 to 
+5.44‰ (Fig. 13).  Neither C/N nor δ15NPON showed any consistent spatial or temporal 
differences. 
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Figure 5.  Graph showing the salinity concentrations at each of the sampling points in 
Henderson Creek.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 6.  Spatial variability of DO concentration along a salinity gradient in Henderson 
Creek.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 7.  Spatial variability of DIC concentration along a salinity gradient in Henderson 
Creek.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 8.  Spatial variability of δ13CDIC values along a salinity gradient in Henderson Creek.  
Unfilled data points indicate dry season data, and filled data points indicate wet season data. 
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Figure 9.  Spatial variability of POC concentration along a salinity gradient in Henderson 
Creek.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 10.  Spatial variability of δ13CPOC values along a salinity gradient in Henderson 
Creek.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 11.  Spatial variability of Chl-α concentrations along a salinity gradient in Henderson 
Creek.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 12.  Spatial variability of C/N ratios along a salinity gradient in Henderson Creek.  
Unfilled data points indicate dry season data, and filled data points indicate wet season data. 
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Figure 13.  Spatial variability of δ15NPON values along a salinity gradient in Henderson 
Creek.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
 
Blackwater 
Salinity values in Blackwater ranged from 0.5 to 36.5 psu (Fig. 14), with the lowest 
values occurring upstream and the highest values occurring downstream.  There was also a 
seasonal difference with lower salinity values occurring during the wet season relative to the 
dry season.  DO ranged from 0.04 to 7.04 mg/L (Fig. 15), with the lowest concentrations 
occurring at lower salinities and higher concentrations occurring at higher salinities.  DIC 
concentrations ranged from 1595 to 6354 μmol/kg (Fig. 16), with higher variability occurring 
at lower salinities.  δ13CDIC values ranged from −14.09 to −0.67‰ (Fig. 17), with lower 
values occurring at lower salinities relative to values at higher salinities.  POC concentrations 
ranged from 137 to 1369 μg/L (Fig. 18) with no consistent spatial or temporal trends.  
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δ13CPOC values ranged from −36.53 to −21.85‰ (Fig. 19), with lower values occurring at 
lower salinities relative to values at higher salinities.  Chl-α values ranged from 1.8 to 93.9 
μg/L (Fig. 20), with the highest values occurring between salinities of 15 to 25 psu.  C/N 
ratios ranged from 7.2 to 13.8 (Fig. 21), and δ15NPON values ranged from +1.78 to +4.75‰ 
(Fig. 22).  Neither C/N nor δ15NPON showed any consistent spatial or temporal differences. 
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Figure 14.  Graph showing the salinity concentrations at each of the sampling points in 
Blackwater estuary.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 15.  Spatial variability of DO along a salinity gradient in Blackwater estuary.  
Unfilled data points indicate dry season data, and filled data points indicate wet season data. 
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Figure 16.  Spatial variability of DIC concentration along a salinity gradient in Blackwater 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 17.  Spatial variability of δ13CDIC values along a salinity gradient in Blackwater 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 18.  Spatial variability of POC concentration along a salinity gradient in Blackwater 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 19.  Spatial variability of δ13CPOC values along a salinity gradient in Blackwater 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 20.  Spatial variability of Chl-α concentrations along a salinity gradient in 
Blackwater estuary.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 21.  Spatial variability of C/N ratios along a salinity gradient in Blackwater estuary.  
Unfilled data points indicate dry season data, and filled data points indicate wet season data. 
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Figure 22.  Spatial variability of δ15NPON values along a salinity gradient in Blackwater 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Faka-Union 
Salinity in Faka-Union ranged from 0.2 to 36.0 psu (Fig. 23) with the lowest values 
occurring upstream and the highest values occurring downstream.  There was also a seasonal 
difference with lower salinity values occurring during the wet season relative to the dry 
season.  DO ranged from 0.4 to 7.2 mg/L (Fig. 24), with no consistent spatial or temporal 
trends.  DIC concentrations ranged from 2298 to 8066 μmol/kg (Fig. 25), with the higher 
variability occurring at lower salinities.  δ13CDIC values ranged from −1.65 to −11.92‰ (Fig. 
26), with lower values occurring at lower salinities relative to values at higher salinities.  
POC concentrations ranged from 162 to 846 μg/L (Fig. 27), with no consistent spatial or 
temporal trends.  δ13CPOC values ranged from −33.93 to −22.62‰ (Fig. 28), with lower 
values occurring at lower salinities relative to values at higher salinities.  Chl-α values 
ranged from 1.9 to 45.3 μg/L (Fig. 29), with the highest concentrations occurring between 10 
and 20 psu.  C/N ratios ranged from 8.0 to 12.4 (Fig. 30), and δ15NPON values ranged from 
+2.16 to +5.51‰ (Fig. 31).  Neither C/N nor δ15NPON showed any consistent spatial or 
temporal differences. 
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Figure 23.  Graph showing the salinity concentrations at each of the sampling points in 
Faka-Union estuary.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 24.  Spatial variability of DO concentration along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 25.  Spatial variability of DIC concentration along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 26.  Spatial variability of δ13CDIC values along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 27.  Spatial variability of POC concentration along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 28.  Spatial variability of δ13CPOC values along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 29.  Spatial variability of Chl-α values along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 30.  Spatial variability of C/N ratios along a salinity gradient in Faka-Union estuary.  
Unfilled data points indicate dry season data, and filled data points indicate wet season data. 
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Figure 31.  Spatial variability of δ15NPON values along a salinity gradient in Faka-Union 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
 
Fakahatchee 
Salinity values in Fakahatchee ranged from 3.8 to 36.6 psu (Fig. 32), with the lowest 
values occurring upstream and the highest values occurring downstream.  There was also a 
seasonal difference with lower salinity values occurring during the wet season relative to the 
dry season.  DO concentration ranged from 0.17 to 6.87 mg/L (Fig. 33), with the lowest 
concentrations occurring at lower salinities and higher concentrations occurring at higher 
salinities.  DIC concentrations ranged from 2356 to 5708 μmol/kg (Fig. 34), with no 
consistent temporal or spatial trends.  δ13CDIC values ranged from −11.19 to −1.47‰ (Fig. 
35), with lower values occurring at lower salinities relative to values at higher salinities.  
POC concentrations ranged from 14 to 1426 μg/L (Fig. 36), with higher concentrations 
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occurring at lower salinities and lower concentrations occurring at higher salinities.  δ13CPOC 
values ranged from −30.36 to −22.53‰ (Fig. 37), with lower values occurring at lower 
salinities relative to values at higher salinities.  Chl-α values ranged from 1.0 to 35.4 μg/L 
with the highest values falling between 10 and 25 psu (Fig. 38).  C/N ratios range from 7.9 to 
13.8 (Fig. 39), and δ15NPON values ranged from +1.52 to +5.21‰ (Fig. 40).  Neither C/N nor 
δ15NPON showed any consistent spatial or temporal trends. 
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Figure 32.  Graph showing the salinity concentrations at each of the sampling points in 
Fakahatchee estuary.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 33.  Spatial variability of DO concentration along a salinity gradient in Fakahatchee 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 34.  Spatial variability of DIC concentration along a salinity gradient in Fakahatchee 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 35.  Spatial variability of δ13CDIC values along a salinity gradient in Fakahatchee 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
Fakahatchee POC Concentration
0
500
1000
1500
2000
2500
3000
0 5 10 15 20 25 30 35 40
Salinity (psu)
PO
C
 C
on
ce
nt
ra
tio
n 
( μg
/L
)
July 2003
October 2003
January 2004
March 2004
June 2004
December 2004
July 2005
 
Figure 36.  Spatial variability of POC concentrations along a salinity gradient in 
Fakahatchee estuary.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 37.  Spatial variability of δ13CPOC values along a salinity gradient in Fakahatchee 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 38.  Spatial variability of Chl-α concentration along a salinity gradient in 
Fakahatchee estuary.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 39.  Spatial variability of C/N ratios along a salinity gradient in Fakahatchee estuary.  
Unfilled data points indicate dry season data, and filled data points indicate wet season data. 
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Figure 40.  Spatial variability of δ15NPON values along a salinity gradient in Fakahatchee 
estuary.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Discussion 
Metabolic State of Estuaries 
Nutrient pollution negatively affects estuarine health by increasing primary 
production (Vitousek et al., 1997; Pelley, 1998; Kennish, 2002) and, thus, altering the 
metabolic state of an estuary. The balance between photosynthesis and respiration (metabolic 
state) in an estuary, therefore, can be used to assess the impact of nutrient load on estuarine 
health (e.g., Kemp et al., 1997; Gazeau et al., 2005).  Both δ13CDIC values and DIC 
concentrations can be used for this assessment on the basis that δ13CDIC values reflect the 
source of DIC in the estuaries and DIC concentrations reflect the consumption and 
generation of CO2 during photosynthetic and heterotrophic activity, respectively.  
The upstream δ13CDIC values of all four studied estuaries ranged from −14.09 to 
−7.72‰, while the majority of downstream δ13CDIC values ranged from −7.01 to +0.85‰.  
One possible explanation for the different δ13CDIC values between the end-members is 
changes in pH, which affects the relative concentration of the different species that make up 
DIC.  This pH variability changes δ13CDIC values since there is an isotope fractionation 
associated with the shift between the different dissolved species.  Measurements by water 
quality programs at RBNERR and other federal, state, and local agencies (South Florida 
Water Management District, 2007) indicate that pH values in the study areas typically range 
from 7.0 to 8.2.  This change in pH would cause a shift of about 1.5‰ in δ13CDIC values, 
which would not account for the difference between the upstream and downstream δ13CDIC 
values. 
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The δ13CDIC values in the upstream end-member are consistent with DIC derived from 
respiration of organic carbon (−26‰) mixed with either downstream DIC, which is enriched 
in 13C, and/or DIC derived from the dissolution of carbonates (~0‰), which are common in 
this part of Florida.  δ13CDIC in the downstream end-member can be explained by the isotopic 
exchange of atmospheric CO2 with the marine bicarbonate system (Sackett et al., 1997).  The 
mid-estuarine δ13CDIC values fell between those of the two end-members and showed a good 
correspondence with salinity values in all four of the estuaries (Fig. 41).  This 
correspondence indicates that most of the variability of δ13CDIC can be described as the 
mixing of DIC in the two end-members.  Unlike the δ13CDIC values, DIC concentrations in all 
four estuaries did not correspond with salinity values (Fig. 42).  This indicates that mixing of 
the end members has, at most, a minor role in describing the variability.  Overall, DIC 
concentrations in all four estuaries were more variable at upstream and mid-estuary locations, 
relative to their variability downstream.  While DIC concentrations ranged from 1595 to 
8066 μmol/kg in the upstream end-member, these values ranged from 1461 to 4070 μmol/kg 
in the downstream end-member.  The high variability of upstream and mid-estuary DIC 
concentrations is probably the result of varying metabolic states in the estuaries.  In contrast, 
DIC values in the downstream end-member fall within the range of expected warm surface 
oceanic DIC concentrations, which are typically around 2000 μmol/kg (Eby, 2004).   
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Figure 41.  Spatial variability of δ13CDIC  along a salinity gradient for the four studied 
estuaries.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
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Figure 42.  Spatial variability of  DIC concentration  along a salinity gradient for the four 
studied estuaries.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Although DO is also highly variable in the four estuaries (Fig. 43), upstream DO 
values were site-dependent.  Blackwater and Fakahatchee had consistently lower DO values 
upstream relative to upstream DO values in Faka-Union for both the dry and wet seasons.  In 
contrast, Henderson Creek had relatively higher DO values upstream during the wet season 
relative to those measured during the dry season.  Although the metabolic state of the 
estuaries affects DO concentrations through the consumption and production of oxygen 
during heterotrophic and autotrophic activity, respectively, the hydrology of the estuaries can 
also affect DO values.  Both Blackwater and Fakahatchee are fed through blind river sources, 
which produce relatively low flows and possibly poor mixing of oxygen when compared to a 
canal fed-estuary like Faka-Union.  Poor mixing of oxygen, combined with heterotrophic 
activity, could account for the low DO concentrations upstream in Blackwater and 
Fakahatchee.  In contrast, the high flow from a canal in Faka-Union could account for the 
higher DO concentration upstream.  Henderson Creek is fed by a weir-controlled canal, 
which is open during the wet season and closed during the dry season.  This could have 
produced the observed shift upstream from high DO concentrations during the wet season to 
low DO concentrations during the dry season. 
To evaluate the effect of metabolic activity on DO concentrations, mid-estuarine 
δ13CDIC values were examined.  Under a simple scenario of net balance between autotrophic 
and heterotrophic activity, DIC values follow a conservative mixing pattern, and δ13CDIC 
values can be modeled using DIC concentrations and salinity as a conservative tracer (Fig. 
44).  The difference between the sampled δ13CDIC data and that predicted by a simple 
conservative mixing of upstream and downstream DIC values provides information on the  
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Figure 43.  Spatial variability of  DO concentration along a salinity gradient for the four 
studied estuaries.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
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Figure 44.  Example of a DIC mixing model compared to measured data in the estuaries.  
Data higher than the model indicates autotrophic activity, and lower indicates heterotrophic. 
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estuarine metabolic state.  A positive value indicates net heterotrophic activity, a negative 
value indicates net autotrophic activity, and zero indicates a balance between the two (Fig. 
45).  Only mid-estuarine values can be used for this metabolic assessment because the 
upstream and downstream measured δ13CDIC values are used as the end-members for the 
model.  The majority of mid-estuarine δ13CDIC values are lower relative to the values 
predicted by the mixing model in all four estuaries.  This 13C-depletion in the mid-estuarine 
DIC is likely produced by heterotrophic conditions.  Ultimately, a comparison of measured 
δ13CDIC values to those predicted by a conservative mixing model indicates higher 
heterotrophic activity relative to autotrophic activity, which is probably driven by inputs of 
terrestrial organic matter. 
While both wet and dry season show heterotrophic conditions, the models show that 
there is more heterotrophic activity relative to autotrophic activity during the dry season.  
There are several possible explanations for this conclusion.  One involves an effect caused by 
high evaporation rates that typically lead to increased salinity values in estuaries.  Because 
the model assumes that salinity values in the estuaries are the result of a conservative mixing 
of upstream and downstream waters, high evaporation rates may lead to an indication of 
heterotrophic activity when comparing measured and modeled δ13CDIC values.  Alternatively, 
the seasonal difference in heterotrophic activity inferred from mid-estuarine δ13CDIC values 
could also result from increased primary productivity during the wet season, thus resulting in 
decreased heterotrophic activity relative to autotrophic activity.  Although our proxies do 
suggest increased mid-estuarine primary productivity during the wet season (see below), the 
effect of evaporation on the seasonal variability of heterotrophic activity cannot be ruled out. 
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Figure 45.  Graph showing the difference between the measured and modeled δ13CDIC values.  
Each point represents the average difference of the three mid-estuarine sample points for 
each estuary.  Values greater than zero indicate heterotrophic activity, and values less than 
zero indicate autotrophic. 
 
Sources of POM and Nutrients in the Estuaries 
 While δ13CDIC values indicate that the studied estuaries are primarily heterotrophic, 
the source of the organic matter that drives this heterotrophic activity can be evaluated 
through the estuarine values of δ13CPOC, C/N, POC, and Chl-α.  Similar to δ13CDIC, δ13CPOC 
values correspond with salinity levels (Fig. 46), thus indicating that some of the variability in 
estuarine δ13CPOC values can be explained as the mixing of the end-members.  The δ13CPOC 
values for the upstream end-members ranged from −36.53 to −26.13‰, which are consistent 
with the δ13C values reported for terrestrial POM (e.g., mangrove- or soil-derived POC; 
Smith & Brown, 1973; Cifuentes et al., 1996; Kendall, 1998; Onstad et al., 2000).  The  
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Figure 46.  Spatial variability of  δ13CPOC  values along a salinity gradient for the four studied 
estuaries.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
 
δ13CPOC values of the downstream end-member ranged from −28.46 to −21.34‰.  The more 
negative values of δ13CPOC in the downstream end-members are consistent with terrestrial 
sources of POM, indicating that, at times, a significant portion of POM downstream 
originates from terrestrial sources.  However, the majority of δ13CPOC values in the 
downstream end-member were higher than −25‰, which is in the range of aquatic sources of 
POM (Thayer et al., 1978; Haines & Montague, 1979).  Overall, the four estuaries showed a 
similar trend of a terrestrial source upstream and a mixture of aquatic and terrestrial sources 
downstream.  C/N ratios also provide information on the source of POM in the estuaries.  
Unlike δ13CPOC, C/N values do not show a correspondence with salinity (Fig. 47).  C/N 
values in the four estuaries ranged from 7 to 14, with no consistent difference in ratios 
between the estuaries.  The range of C/N values encompasses those reported for several  
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Figure 47.  Spatial variability of C/N ratios along a salinity gradient for the four studied 
estuaries.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data. 
 
sources of POM, including mangroves, soils, and primary producers.  The reported ratios of 
mangrove leaves are typically over 50 (Hedges and Mann, 1979), which is higher than the 
ratios measured in the estuaries.  However, the measured values are consistent with terrestrial 
POM that has undergone transformation from bacterial degradation, which can lead to C/N 
values of around 15 (Cifuentes et al., 1996).  Soils typically have C/N ratios from 9 to 13 
(Onstad et al., 2000), while primary producers typically have C/N ratios below 10 (Holligan 
et al., 1984).  The overlap in C/N ratios reported for different sources, coupled with the 
relatively narrow range of measured estuarine C/N ratios, makes it difficult to determine the 
source of organic matter by the C/N data alone.  However, the combined C/N ratios and 
δ13CPOC values point to a source that consists largely of degraded terrestrial organic matter.  It 
is important to note that only values from December 2004 and July 2005 were used for C/N 
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analysis, due to complications with measurements of PON values for the remaining samples 
(see "Methods" section). 
  POC concentrations ranged from 14 to 3158 μg/L (Fig. 48), suggesting a large 
variability of estuarine POM.  With the exception of Fakahatchee, none of the estuaries 
showed a correspondence with salinity.  Fakahatchee showed higher POC concentrations 
upstream, but the relatively low Chl-α concentrations upstream suggest an allochthonous 
source of POM.  It is likely that the dense mangrove forests surrounding the upstream 
sampling sight were the source of POM.  Henderson Creek also showed higher 
concentrations at the second most-upstream sampling site.  The average concentration of 
POC at this site was over 1600 μg/L.  In contrast, the other sampling points showed averages 
below 750 μg/L.  The elevated POC concentrations at the second most-upstream point do not 
correspond with high Chl-α values, thus precluding the possibility that increased primary 
productivity was responsible from these elevated POC values.  The low Chl-α values, 
coupled with the lower POC values both upstream and downstream, suggest that a localized 
effect was responsible for these elevated values.  A tributary flows into Henderson Creek at 
this sampling point, and it may be the cause for the elevated values by either facilitating 
mixing of sediment into the water column or by bringing high amounts of POM into the 
estuary at that location.  With this exception, POC values showed no consistent trend and 
were highly variable in the studied estuaries, suggesting a large distribution of organic 
particles throughout the estuaries. 
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Figure 48.  Spatial variability of POC concentration along a salinity gradient for the four 
studied estuaries.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
 
Chl-α concentrations provide information on primary production, and they showed a 
variable amount of primary productivity occurring in the estuaries, with no consistent 
difference between them.  Chl-α concentrations in the four estuaries ranged from 1.0 to 93.9 
μg/L, with the highest Chl-α concentrations occurring in the 10-25 psu salinity range in all 
estuaries (Fig. 49).  The high Chl-α concentrations in this salinity range may be caused by 
the mixing front in the estuaries, which forms where the convergent flow of freshwater and 
marine water meet.  Research has shown that the mixing front in estuaries can cause the 
aggregation of phytoplankton and an increase in primary production (Seliger et al., 1981; 
Dustan & Pinckney, 1989).  Chl-α concentrations in the four estuaries had lower 
concentrations during the dry season, with the majority of dry season Chl-α concentrations  
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Figure 49.  Spatial variability of Chl-α concentrations along a salinity gradient for the four 
studied estuaries.  Unfilled data points indicate dry season data, and filled data points 
indicate wet season data. 
 
lower than 10 μg/L.  In contrast, higher Chl-α concentrations were measured during the wet 
season, suggesting elevated primary productivity. 
These higher Chl-α concentrations during the wet season could be the result of 
increased nutrient delivery.  These nutrients could be related to anthropogenic sources or re-
mineralized allocthonous organic matter.  To examine the source of these nutrients, we 
employed δ15NPON values as they have been used to trace the source of nutrients successfully 
in numerous studies (e.g., McClellan & Valiela, 1998; Harrington et al., 1998; Barile, 2004; 
Cole et al., 2004).  Measured δ15NPON values ranged from +1.52 to +5.60‰ in all four 
estuaries (Fig. 50).  While these values are probably too low to originate from fertilizers 
made using animal waste, they are in the range of artificial fertilizers.  Although δ15NPON 
values suggest that artificial fertilizers could be the source of estuarine nitrogen, no  
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Figure 50.  Spatial variability of δ15NPON values along a salinity gradient for the four studied 
estuaries.  Unfilled data points indicate dry season data, and filled data points indicate wet 
season data.   
 
difference in δ15NPON values exists among the studied estuaries, including Fakahatchee, 
which receives minimal amounts of nutrients from anthropogenic sources.  Assuming pristine 
conditions for this estuary, then it is unlikely that artificial fertilizers are the main source of 
nitrogen to the estuaries.  Instead, it is likely that the nitrogen comes from re-mineralized 
organic matter from either soils, which generally show δ15NPON values ranging from +2 to 
+5‰, or detritus from the surrounding mangrove forests, which typically show δ15NPON 
values of +4‰ (Cifuentes et al, 1996).  Analysis of δ15NPON is based only on samples from 
December 2004 and July 2005 due to complications with measurements of δ15NPON values 
for the remaining samples (see "Methods" section). 
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Land Use Effects on the Estuaries 
 Although it is expected that comparative studies between estuaries will show that 
estuaries affected by agricultural or urban land use have higher primary production relative to 
estuaries under pristine conditions, these studies have yielded varying results.  Campbell et 
al. (1991) employed Chl-α values as a proxy for productivity in three estuaries in South 
Africa.  Whereas two of these estuaries received urban runoff, the third one was under 
relatively pristine conditions.  The authors found that the two estuaries receiving runoff from 
urbanized areas showed higher productivity than what was found in the pristine estuary.  In 
contrast, a comparative study conducted between an urbanized and a pristine estuary in South 
Carolina revealed no significant differences for both Chl-α and nutrient concentrations in the 
estuaries (White et al., 2004).  The authors concluded that low freshwater inputs in these 
estuaries likely lessened the impact of anthropogenic land use.   
A comparative study of mangrove estuaries in the Gulf of Guayaquil, Ecuador, 
revealed only localized anthropogenic effects to estuarine carbon balance, and very little 
difference was found between estuaries affected by different levels of anthropogenic activity 
(Cifuentes et al., 1996).  This study was based on three estuaries: one receiving effluent from 
an urbanized watershed, one receiving effluent from a shrimp pond, and one under relatively 
pristine conditions.  An examination of δ13CPOC, δ15NPON, C/N, and Chl-α values in the three 
estuaries showed that anthropogenic activity only had localized effects.  It was concluded 
that terrestrial organic matter from the surrounding mangrove forests was the primary source 
of organic matter in the estuaries, and that effects from anthropogenic input of nutrients was 
limited.   
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Similar to the findings of Cifuentes et al.'s (1996) study, very little difference was 
discovered between the four estuaries in this study.  The measured δ15NPON and δ13CPOC 
values were usually in the typical range observed for mangroves in all four estuaries.  
Although high Chl-α values occurred at times, these high values were likely caused by 
mixing fronts in the estuaries, and not increased inputs of nutrients from anthropogenic 
sources.  The difference between the modeled δ13CDIC and the measured δ13CDIC also indicate 
that heterotrophic activity, not autotrophic activity, was dominant in all estuaries.  Overall, 
assuming that Fakahatchee (our control site) is in fact pristine, this study would show no 
significant effect from delivery of anthropogenic nutrients in these estuaries based on the 
parameters measured. 
There are several possible explanations for the negligible impact.  One is that a 
significant amount of anthropogenic nutrients is not being added to any of the estuaries.  Data 
collected by the South Florida Water Management District indicates that San Carlos Bay, 
which receives inputs from the heavily urbanized Ft. Myers area (Knight, 2005), does, at 
times, show higher DIN concentrations than the four studied estuaries (Fig. 51).  The lower 
concentrations of DIN may indicate that anthropogenic activity is not adding a significant 
amount of nutrients to the studied estuaries.  However, there is a greater area of mangrove 
forests surrounding the estuaries in our study area than there is surrounding San Carlos Bay.  
Therefore, it is also possible that even if significant amounts of nutrients from anthropogenic 
sources are entering the estuaries, the surrounding mangrove forests may be facilitating 
nitrogen absorption and removal.  Previous studies have shown that mangrove forests have 
the ability to absorb or remove nitrogen through denitrification and immobilization by 
microbes (Rivera-Monroy & Twilley, 1996; Chiu et al, 1996 and 2004).  The ability of  
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Figure 51.  Temporal variability of DIN concentrations in the four studied estuaries and 
the heavily urbanized San Carlos Bay in Ft. Meyers, FL.  Data provided by the SERC-FIU 
Water Quality Monitoring Network which is supported by SFWMD/SERC Cooperative 
Agreement #C-15397 as well as EPA Agreement #X994621-94-0. 
 
mangrove forests to remove nitrogen and other nutrients has led to research examining the 
possibility of using them to treat waste with high nutrient concentrations (Wong et al. 1997; 
Trott and Alongi, 2000; McKinnon et al., 2002). 
Overall, our study was designed as a preliminary investigation to determine if land 
use is having an impact on estuaries in RBNERR and the Ten Thousand Islands Aquatic 
Preserve.  In this respect, our results indicate that there is no apparent difference between the 
three estuaries that have anthropogenic land use in their watersheds and the control estuary.  
The spatial and temporal distribution of sampling sites allowed for a good characterization of 
differences between the two end-members of the estuaries, as well as any possible seasonal 
differences.  Perhaps the biggest weakness associated with this study is that the sampling 
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design did not allow for robust statistical analysis.  Further research should include a more 
random sampling scheme to account for any possible local phenomena, e.g., the high POC 
values seen in Henderson Creek. 
 
Conclusions 
There is no indication that anthropogenic activities in the watersheds are having a 
significant effect on any of the parameters measured in the estuaries, based on the 
assumption that Fakahatchee represents “pristine” conditions.  Overall, much of the 
variability seen in values of δ13CDIC and δ13CPOC can be explained as the mixing of two end-
members.  δ13CDIC values upstream indicate that respiration of terrestrial organic matter, 
coupled with either dissolution of carbonates and/or mixing with downstream waters, are the 
primary source of DIC.  In contrast, values downstream result from the isotopic exchange of 
atmospheric CO2 with the marine bicarbonate system.  Comparisons of the DIC mixing 
model to the measured values typically show that the estuaries are heterotrophic.  δ13CPOC 
values indicate that soils and heavily degraded organic matter are the primary sources of 
POC in the upstream end-member, while downstream δ13CPOC values indicate aquatic 
sources of POM.  The highest Chl-α values typically occur in a salinity range of 10-25 psu, 
which is likely the consequence of higher primary productivity at the mixing front. 
In terms of conservation, it appears that these estuaries are not affected by increased 
input of anthropogenic nutrients based on the parameters measured.  However, the scope of 
this research is limited to only a few of the many effects that anthropogenic land use can 
have on water quality in estuaries.  Stream channelization, impermeable land surfaces (e.g., 
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paved roads), and forms of pollution other than nutrients (e.g., pesticides) are just a few of 
the ways in which land use related to anthropogenic activity can affect both an estuary’s 
hydrology and water quality.  Although this research does not show any indication of 
anthropogenically-driven eutrophication in these estuaries, there are many other ways in 
which anthropogenic land use can affect estuaries that this study did not address. 
It is important to recognize the vital role of mangrove forests to the overall health of 
estuaries.  Mangrove forests are threatened across the globe today (Alongi, 2002), and they 
are essential to the natural stability of these dynamic ecosystems.  Consequently, they must 
be protected to ensure the long lasting health of these estuaries.  It is not clear if the 
mangrove forests in RBNERR and the Ten Thousand Islands areas are currently acting as a 
buffer against increased nutrient input from anthropogenic activities.  However, it has been 
shown that mangroves can be effective in this capacity.  This observation makes preserving 
the mangrove forests essential, as Collier County is one of the fastest growing areas in the 
nation.  The protection of the mangrove forests is critical to preserving the unique 
ecosystems found in RBNERR. 
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